Inhibition of DNA replication in E. coli results in coordinate expression of a cluster of diverse functions, including prophage induction and filamentous growth, many of which are thermally inducible, without inhibition of DNA synthesis, in strains carrying a mutation in the "tif" locus. It has been proposed that one of the inducible functions in this cluster is responsible for the ultraviolet mutability of E. coli. As a test of this hypothesis, the effect of postirradiation temperature elevation on ultraviolet mutability was compared in strains differing by a tif mutation. In a tif+ strain, raising the temperature to 420 after irradiation did not change the frequency of induced mutations to tryptophan-independence. Similar treatment of a tif-1 strain resulted in as much as a 10-fold increase in the induced mutation yield. Thermal enhancement of ultraviolet mutability in the tif-1 strain was prevented or promoted by agents known to exert parallel effects on thermal induction of lambda prophage in tif lysogens. The results support the hypothesis that ultraviolet mutability in E. coli depends upon an inducible function that is normally expressed only when DNA replication is inhibited.
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Properties of Escherichia coli strains lacking DNA polymerase I (1, 2) support the hypothesis (3, 4) that a function necessary for ultraviolet (UV) mutagenesis is inducible, and that its induction has the same requirements as a number of other UVinducible functions, exemplified by induction of prophage lambda. These requirements normally include a recA + lex + genotype and conditions under which DNA replication is inhibited while RNA and protein synthesis continue. However, in tif mutant strains of E. coli K12, prophage induction, filamentous growth, W-reactivation, and W-mutagenesis (see Abbreviations) (5) of lambda bacteriophage (all of which are UV-inducible in wild-type strains) are expressed spontaneously at 420, without insult to DNA (6) (7) (8) . If UV mutability also depends upon a function that is normally induced by UV and other DNA replication-inhibiting treatments, this inducible function should be among those coordinately expressed at elevated temperatures in tif strains.
Assuming that the capacity to effect UV mutagenesis is thermally inducible in tif strains, how might its presence be 6 per erg/mm2 per E. coli genome) without also inducing the capacity to effect UV mutagenesis in more than a very small fraction of the population, thus providing conditions necessary for a biological assay of thermal inducibility of this capacity. The hypothesis that UV mutagenesis depends upon an inducible function generates a number of predictions for uvrA tif bacteria exposed to UV doses of 5 ergs/mm2 or less, then incubated at 420.
(1) Such bacteria should yield significantly higher frequencies of UV-induced mutations than uvrA tif+ bacteria treated in the same way, owing to thermal induction of the function required for UV mutability.
(2) The frequency of UV-induced mutations obtained from such bacteria should rise linearly with UV dose in contrast to the rise of mutation frequency with the square of the dose that is usually observed (12) in uvrA tif+ bacteria. This prediction is based upon the intepretation of "dose-squared" mutation induction kinetics as reflecting a requirement for two independent radiation-induced events, namely, production of a pyrimidine dimer and induction of the function required for UV mutability. If this function is thermally induced at 420 in tif cells, either in every cell or in a constant fraction of the population, mutation frequency at low UV doses should depend only upon the production of pyrimidine dimers, and should increase linearly with dose. (4) The predicted elevation of the induced mutation frequency should be prevented also either by the presence of pantoyl lactone or of a mixture of cytidine and guanosine during the postirradiation incubation at 420, since these substances have been found (among others) to prevent thermal induction of lambda prophage in tif lysogens (13) .
(5) A significant elevation of the UV-induced mutation frequency should be produced, even at temperatures below 420, if adenine is present during the postirradiation incubation, since adenine promotes prophage induction in tif strains even at 300 (13) .
In this report, experiments designed to test these predictions are described. MATERIAL Preparation of Cultures. Cultures were grown in Difco nutrient broth, with 0.5% NaCl added, on a shaker overnight at 30°. Overnight cultures were assayed to determine the number of spontaneous Trp+ revertants per ml, and cultures having the lowest number of revertants were refrigerated and used as a source of inocula for about 1 week. This procedure was necessary, since tif cultures often contained a large number of Trp+ revertants. Refrigerated cultures were diluted 10-fold into fresh nutrient broth, and the dilutions incubated for 45 min on a shaker at 300 to the late lag stage of growth.
Late lag suspensions were centrifuged and the pellets resuspended in 0.9% saline solution at titers of 1 to 5 X 108 cells per ml.
UV Irradiation. Saline suspensions (10 ml) of cells in the late lag phase were exposed at room temperature to unfiltered light from a 15-W General Electric germicidal lamp, in an open plastic petri dish (9-cm diameter), with mechanical agitation during the exposure. Dose rates were varied by using either an unmasked bulb (10 ergs/sec per mm2 at 50 cm from the source) or a masked bulb, covered with black tape except for a 2.5-cm segment in the center (0.5 ergs/sec per mm2 at 70 cm from the source), in addition to adjusting the distance between the lamp and the suspension as necessary. The dose rate was determined by an American Ultraviolet Co. shortwave UV meter, no. J-225. Doses shown are corrected for slight effects of screening when suspensions having a titer of more than 2 X 108 cells per ml were irradiated. Yellow light was used to illuminate operations during and after UV irPlating Media. SEM (semi-enriched minimal) agar is minimal medium "E" (14) , with 0.4% glucose, supplemented with 1.25% Difco nutrient broth (v/v) and 20 Survival Determinations. Survival after UV was determined by either of two methods. Method I-Saline suspensions were diluted before and immediately after UV irradiation to an anticipated titer of about 103 colony-forming units/ml, and 0.1-ml aliquots of these dilutions were plated, incubated as specified for the first 45 min, and then incubated for 2 days at 300. Method II-Aliquots (0.2-ml) of the undiluted saline suspensions were plated (as for scoring of Trp+ mutations), and the plates incubated for 45 min at the temperature indicated, and then for an additional 15 min at 300. Bacteria were then harvested from the surface of each of two plates by pipetting 2 ml of sterile saline solution onto the surface and spreading thoroughly with a sterile glass spreader. The wash fluid from two plates was collected and pooled (constituting a 10-1 dilution of the original suspension) and was then diluted further and plated to determine the fraction of the population still capable of forming colonies. Fig. 1 shows UV survival curves and frequencies of UV-induced Trp+ mutations in the tiff+ and tif-1 strains, plated on minimal (Et) agar and incubated at 300. Under these conditions, the two strains yield similar results, indicating that they are alike in their ability to perform viable postreplication repair, and in the probability that such repair will generate mutations. Under other conditions, however (e.g., on brothsupplemented media or when the temperature after UV irradiation is raised to 420), the tendency of the tif-1 strains to grow in filaments is expressed, and this filamentous growth is accompanied by increased UV sensitivity. At low doses of UV, this sensitivity is manifested only when the tif-1 cells are plated immediately after irradiation at low cell density ( increased, from about 10-fold at the lowest dose used to about 2-fold at the highest, and rises linearly with dose. The mutation yields converge at dose levels of about 10 ergs/mm2 (nlot shown). Fig. 2 also shows that the presence of chloramphenicol during the 45-mill incubation at 420, which has no significant effect on the yield of Trp+ mutations in the tiff+ strain (data not shown), prevents completely the thermal enhancement of UV mutability otherwise observed in strain WP44,. Results similar to those produced by chloramphenicol were obtained by incubating the tif-1 bacteria on minimal medium lacking required amino acids during the period of temperature elevation. In shown. Adenine promotes thermal enhancement of UV mutability, and a mixture of cytidine and guanosine antagonizes this effect. Pantoyl lactone duplicates the effect of cytidine plus guanosine (data not shown).
RESULTS
Data for unirradiated controls in Tables 1 and 2 show an unexpected effect of the tif-i mutation: high spontaneous mutability at elevated temperatures. Since the time at elevated temperatures in these experiments was only 45 min, these data suggested that continuous incubation at 420 might result in a much more dramatic increase of spontaneous mutation frequency in strain WP44. Fig. 3 of guanosine and cytidine, while adenine promotes the enhancement of UV mutability even at lower temperatures. AD of these results fulfill predictions based on the hypothesis that a function necessary for UV mutagenesis is one of the inducible functions expressed in wild-type strains only after DNA replication is inhibited, but expressed in tif mutants in response to temperature elevation, without inhibition of DNA synthesis.
The existence of a possibly extensive cluster of inducible functions, coordinately expressed in response to inhibition of DNA synthesis, was initially proposed to account for striking parallels in the conditions required to elicit filamentous growth in lon strains and prophage induction in strains lysogenic for lambda bacteriophage (15) . The subsequent demonstration that these functions, as well as W-reactivation and W-mutagenesis of lambda phage, are thermally inducible in tif strains (6) (7) (8) further suggested coordinated response of these diverse functions to a common regulatory signal. Pro- t SEM agar containing 100 pg/ml of cytidine and 100 jug/ml of guanosine; similar results were obtained by plating on SEM agar containing 0.1 M pantoyl lactone.
l SEM agar containing 75 pg/ml of adenine.
Experiment shown was done by planting on SEM, SEM + Cyd + Guo, and SEM + Ade and incubating the plates as indicated; similar results were obtained in experiments in which bacteria were harvested from the surface of the three kinds of plates after the first 45 min of postirradiation incubation by plate-washing, concentrating the cells to the initial cell density by centrifugation, and plating on SEM plates, which were then incubated for 3 days at 300. Thus, the additives exerted their full effects, if any, during the first 45 min after UV. Number of bacteria plated (per plate): 7.5 X 104; survival (Method II) did not depart significantly from 100%. phage induction (16, 17) , W-reactivation, (18) , and filamentous growth (J. Donch, personal communication) are also subject to "indirect induction," that is, they are expressed in untreated cells upon introduction of a UV-irradiated episome. Although the inactivation of a repressor has been directly demonstrated only in the case of prophage induction (19) , it seems probable that all of the recA + lex+-dependent functions which are UV-inducible in tiff+ strains and thermally inducible in tif mutant strains express the activity of newly derepressed genes, governed by repressors which respond to a common effector, or to effectors produced by a common induction pathway (2, 4) . A plausible interpretation is that inhibition of DNA synthesis, in normal strains, initiates the induction pathway, which culminates in synthesis of the common effector or group of effectors, and consequently in coordinate expression of the inducible functions. In tif strains constitutive production of an intermediate in the induction pathway, at elevated temperatures, could account for expression of the same inducible functions without the requirement for prior inhibition of DNA replication (2, 7). Evidence favoring the existence of such a cluster of coordinately inducible functions possibly also including "reinitiation recovery" (20) , regulation of DNA breakdown by exonuclease V, and Type III repair of single-strand breaks after X-irradiation (21) has recently been summarized (2, 4) . Induction and/or expression of functions belonging to this cluster requires: (1) the recA +, lex+, and probably also zab+ (8) genotype; (2) inhibition of DNA replication (in tiff+ strains), and (3) de novo protein synthesis. Some presumptive members of this cluster of inducible functions may prove to be multiple manifestations of a single system, e.g., the system responsible for UV mutagenesis may also be responsible for W-reactivation and W-mutagenesis, for reinitiation recovery, and/or for Type III single-strand break repair. Postulation of a common pathway for induction of these functions does not imply that their expression must invariably be coordinated, since unique responses under some conditions could be caused either by branching of the induction pathway after a common stem, or by individual requirements for expression once the requisite genes are derepressed.
While these experiments implicate a possible inducible function in UV mutagenesis, the nature of such a function and its role in the mutagenic pathway are not known. In uvr strains of E. coli, most UV-induced mutations are caused by unexcised pyrimidine dimers (10) . Since unexcised dimers block DNA replication and cause the formation of discontinuous daughter strands (22) , it has been proposed that UVinduced mutations originate primarily as errors in the postreplication repair of daughter-strand gaps (10) . An inducible product responsible for such errors could be: (1) a DNA polymerase capable of continuous replication past a pyrimidine dimer, and thus able to rejoin daughter-strand segments by error-prone repair synthesis (9); or (2) a product which participates in the recombinational repair of daughter-strand gaps, causing this process to become error-prone. The occurrence of W-reactivation in single-stranded phages, under conditions which preclude recombinational exchanges (23) (24) (25) , argues strongly that an error-prone system of repair replication is among the inducible functions expressed in genetically damaged E. coli cells.
The mutator activity caused by the tif-1 mutation in bacteria growing at 42°suggests that the inducible function responsible for UV mutagenesis can also cause mutations in normally replicating DNA, although the probability of error is greatly increased by the presence of even a few pyrimidine dimers.
Note Added in Proof. A spontaneous tif+ revertant, obtained from strain WP44., gives results indistinguishable from those described for strain WP2. in Fig. 2 and Table 1 .
